Background: Antiretroviral medications have been shown to benefit neurocognition in HIV/AIDS, and neurocognitive deficits are a risk factor for poor adherence to these medications. However, little is known about the predictive pathways linking medication adherence with cognitive ability.
learning/memory would predict better prospective medication adherence, 9, 11 and that greater levels of adherence would predict better functioning at 6-month follow-up across all cognitive domains measured, 12, 13 independently of the effect of baseline neurocognitive performance.
METHODS Standard protocol approvals, registrations, and patient consents. All research methods and procedures were approved by institutional review board panels at UCLA and the West Los Angeles VA Medical Center. Written informed consent was obtained from all participants.
Participants. Recruitment of HIV-positive adults was conducted from community agencies in the Los Angeles area that specialize in providing services to HIV-infected individuals, and using fliers posted in infectious disease clinics at universityaffiliated medical centers. All individuals were prescribed selfadministered highly active antiretroviral therapy (HAART) during their period of participation. All visits took place between November 2001 and November 2005. The initial participant sample included 276 individuals examined for eligibility. A total of 157 individuals were excluded based upon criteria including current alcohol or drug dependence (109 individuals), history of stroke (14 individuals), seizure disorder (22 individuals), anoxic injury (3 individuals), traumatic brain injury with loss of consciousness greater than 30 minutes (26 individuals), or other non-HIV-related neurologic illnesses (9 individuals). Six follow-up visits were scheduled at intervals of approximately 1 month. A total of 28 individuals missed the sixth visit (thereby missing the "time 2" neuropsychological re-evaluation) and were excluded from analysis. Demographic and health characteristics for the final analytic sample of 91 participants are presented in table 1. For this final sample, first visit to final visit duration was M ϭ 6.24 (SD ϭ 0.55) months. Participants who were included, those who were excluded, and those lost to follow-up did not differ significantly on any demographic, health, or neurocognitive characteristics of interest (see table e-1 on the Neurology ® Web site at www.neurology.org).
Measures. Medication adherence. Adherence to an antiretroviral medication was tracked prospectively over approximately 6 months using the Medication Event Monitoring System (MEMS [Aprex, Union City, CA]), which employs a pressureactivated microprocessor in the medication bottle cap to record the date, time, and duration of dosing events. These data were later downloaded from the bottle cap using a personal computer. Priority of the medication chosen for MEMS monitoring was in the following order: protease inhibitors (PIs), nucleoside reverse transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, nucleotide reverse transcriptase inhibitors, and other classes of medication. In order to maximize MEMS data accuracy, participants were instructed not to use pill organizers or take "pocket doses" (e.g., removing multiple pills for later use), and to open the MEMS cap only when taking a dose. Additionally, the following corrections were made to MEMS data in order to account for potentially superfluous bottle openings: only one MEMS cap opening was counted per 2-hour period, number of MEMS cap openings per day was truncated to the total number of prescribed doses, and MEMS cap openings performed by the research team were removed from the data. MEMS adherence was calculated as [(doses taken)/(doses prescribed)] for each of the 6 monthly monitoring intervals. For use in data analyses, total MEMS adherence was calculated as the mean of monthly adherence rates.
Neurocognition. Participants completed a fixed neuropsychological test battery (see appendix e-1) at baseline and during the final follow-up visit. Raw test scores were converted to demographically corrected t scores using published normative data. Individual test t scores were grouped into 1 of 6 cognitive domains (attention, information processing speed, learning/memory, verbal fluency, motor functioning, and executive functioning) and averaged to establish domain t scores for use in primary data analyses.
Additional measures. Modified substance use modules from the Structured Clinical Interview for DSM-IV 14 were administered to evaluate criteria related to alcohol and substance use disorders. Verbal IQ was estimated using the American version of the National Adult Reading Test. 15 Immunologic information including CD4 count and HIV viral load were provided by participants via medical records. Total CNS Penetration Effectiveness rank for each participant's antiretroviral regimen was calculated using previously described methods. 16 Procedure. After providing written informed consent, participants completed a detailed demographic questionnaire and structured psychiatric interview under the supervision of a licensed clinical psychologist. Participants received instruction in how to use the MEMS caps and were scheduled for 6 follow-up visits, during which data were downloaded from the device. At both the baseline and 6-month follow-up visits, participants completed fixed neuropsychological evaluations administered by trained psychometrists under the supervision of a board-certified neuropsychologist.
Analysis. The SPSS 16.0 statistical package was used for all data analyses, with pairwise exclusions for missing values (2.1% of all data points). Descriptive statistics were conducted on all variables to summarize the data. Path analyses were then conducted using a series of regressions to examine the relationships of medication adherence to neurocognition in each domain at time 1 and time 2. This process was repeated for each of the cognitive domains examined (global cognition, processing speed, attention, executive function, learning/memory, motor function, and verbal fluency).
RESULTS
Mean cognitive performance at time 1 and time 2 is presented in table 2 by cognitive domain. As shown, mean performance at all time points in this HIV-positive sample was below the average score of t ϭ 50 by comparison to population norms (global cognition M ranged from 42.53 to 43.56; domain Ms ranged from 38.31 to 45.15). Dependent samples t tests demonstrated small but significant increases in performance from time 1 to time 2 in global cognition as well as the individual domains of processing speed and executive function, with a trend for an increase in learning/memory performance ( p ϭ 0.053). No change over time was found for the domains of attention ( p ϭ 0.74), motor function ( p ϭ 0.71), or verbal fluency ( p ϭ 0.45). A series of path analyses were then conducted to examine reciprocal relationships between global cog-nition and antiretroviral medication adherence, as depicted in the figure. First, estimates were obtained for relationships between time 1 cognition and medication adherence (path A) using regression. Next, path B (the relationship between time 1 cognition and time 2 cognition) and path C (the relationship between adherence and time 2 cognition) were evaluated simultaneously, providing multivariate estimates of these relationships, free from potential bias related to the strong autocorrelation of cognition over time. Whereas primary hypotheses were evaluated based upon the significance of regression weights in each stage of analysis (for cognition predicting adherence, or adherence predicting cognition), R 2 statistics were also examined in order to evaluate the total effect size for each relationship. In order to provide multivariate estimates of paths B and C under the assumption that predictive variance shared by these paths should be conservatively attributed to path B, partial R 2 was examined for path B, and semi-partial R 2 was examined for path C. Parameters of interest obtained from path analyses are presented in table 3 for each neurocognitive domain.
As shown for path A, better global cognition at time 1 predicted higher levels of total medication adherence over the subsequent 6-month period (␤ ϭ 0.23, R 2 ϭ 0.05, p ϭ 0.03). This global effect appears to be primarily related to the individual domain effects of executive function (␤ ϭ 0.26, R 2 ϭ 0.07, p ϭ 0.01) and learning/memory (␤ ϭ 0.24, R 2 ϭ 0.06, p ϭ 0.02). Processing speed, attention, and verbal fluency were not significant predictors of medication adherence. As would be expected for path B, neurocognition at time 1 was strongly predictive of neurocognition at time 2 (global cognition ␤ ϭ 0.83, partial R 2 ϭ 0.75, p Ͻ 0.001; domainlevel partial R 2 ranged from 0.50 to 0.71), highlighting the importance of removing this potential source of bias from estimates of path C. Evaluating path C, higher levels of medication adherence were predictive of better global cognition at time 2 (␤ ϭ 0.17, semipartial R 2 ϭ 0.03, p Ͻ 0.001), driven by domain-level associa- Follow-up control analyses were then conducted to evaluate the possible influence of premorbid intellectual abilities, differences in the CNS penetration of participants' medication regimens, and changes in substance or alcohol abuse status between time 1 and time 2. Relevant path analytic relationships were reevaluated after the inclusion of each of these variables individually. Controlling for estimated premorbid verbal IQ, the strength of path A was somewhat attenuated for global cognition (␤ ϭ 0.15, p ϭ 0.21) and executive function (␤ ϭ 0.16, p ϭ 0.18) relative to primary findings, but path A was only minimally attenuated for learning/memory (␤ ϭ 0.21, p ϭ 0.047). These control findings were consistent with the strong univariate associations verbal IQ shared with baseline global cognition (r ϭ 0.50, p Ͻ 0.001) and executive function (r ϭ 0.46, p Ͻ 0.001) in comparison to the more modest association between verbal IQ and learning/memory (r ϭ 0.22, p ϭ 0.04). Primary findings for Paths B and C were minimally impacted by premorbid IQ control analyses. Overall, these follow-up analyses suggested that some psychometric overlap existed between premorbid intellect and the cognitive abilities predictive of adherence, such as executive function and global cognition, but differences in premorbid IQ did not account for a meaningful proportion of the prospective relationship between medication adherence and cognitive abilities. Likewise, in a parallel series of control analyses, primary path analytic results were not meaningfully impacted by differences in the CNS penetration of participants' antiretroviral regimens, or by changes in participants' substance or alcohol abuse status (incident/relapsing or remitting diagnoses) from time 1 to time 2.
DISCUSSION Findings from this study provide evidence that neurocognition and antiretroviral medication adherence are reciprocally related among individuals with HIV/AIDS. Although the proportion of adherence that could be predicted by global cognition (R 2 ϭ 0.05) and the proportion of global cognition that could be uniquely predicted by adherence (semipartial R 2 ϭ 0.03) were each relatively small, the clinical significance of these findings may be magnified by the potential for such effects (examined here for a 6-month period) to continue over the much longer time frames of treatment required for most individuals with HIV/AIDS. These findings highlight the importance of obtaining information on patients' neurocognitive functioning, as both a predictor of possible challenges in achieving good medication adherence, and a potential reflection of relative adherence and treatment outcome.
Additionally, examination of individual cognitive subdomains demonstrated some divergence between the aspects of cognition most strongly predictive of adherence to one's medication regimen and the aspects of cognition most strongly predicted by levels of adherence achieved. Consistent with previous findings using a laboratory-based medication management task, 11 executive function and learning/ memory were found in this study be the best predictors of future adherence. As such, the presence of deficits in these areas in particular may serve as a useful warning for clinicians about possible problems with future adherence. Follow-up analyses suggested Table 3 Results of longitudinal path analysis of cognition and medication adherence a that primary findings were not meaningfully impacted by differences in the CNS penetration of participants' antiretroviral regimens or changes in participants' substance or alcohol abuse status, but a portion of the apparent adherence advantage conferred by better baseline cognition may have been related to participants' levels of premorbid cognition/intellect. By comparison, higher levels of medication adherence were predictive of improved functioning in a wide range of cognitive abilities, most prominently including information processing speed, but also attention, executive function, and motor function. These latter findings were largely unrelated to participants' premorbid IQ.
Providing support for the existence of a recursive feedback loop between medication adherence and cognition in HIV/AIDS, executive function was involved in each direction of this relationship. This finding suggests that problems with executive function could play a role in perpetuating cognitive decline, and possibly, the progression of disease severity. Therefore, interventions targeting executive functions that may be effective in interrupting this potentially vicious cycle (such as medications, cognitive remediation/compensation, or environmental structuring) are worthy of examination.
Surprisingly, improved antiretroviral adherence was not prospectively predictive of better learning/memory in this study. Follow-up analyses accounting for differences in the CNS penetration of participants' medication regimens did not alter these findings. Considering that negative effects of HIV/AIDS on learning/memory have been well-documented in previous studies, 13, 17 it is possible that that the antiretroviral medications used by participants in this sample may have offered better protection against decline in functions typically associated with frontal-subcortical neuropathology than the learning/memory functions more commonly associated with medial temporal brain areas. However, to the degree that frontostriatal systems may be differentially sensitive to HIV-related damage, 18 these findings might also reflect relatively less potential for decline in learning/ memory abilities among our participants during this 6-month study.
However, without the inclusion of an HIVnegative control group, it was impossible to reliably estimate absolute levels of HIV-related decline for participants in this study. Therefore, additional research comparing the neuroprotective benefits of antiretroviral medications by cognitive domain will be needed in order to resolve this issue and to identify medication regimens that provide optimal protection of cognitive functioning in HIV/AIDS.
Multivariate path analysis, as employed in this study, provides a number of noteworthy advantages in the examination of longitudinal relationships of interest. This relatively straightforward, regressionbased approach allows for the evaluation and dissociation of overlapping effects (e.g., the potential effects of cognition on adherence, and adherence on cognition), while circumventing the inflated estimates and systematic bias that would otherwise result from the strong relationship of cognition to itself over time. This approach should also offer similar benefits for a variety of other research populations in which neurologic factors and behavioral or psychological factors (e.g., medication or substance use, psychopathology) might be hypothesized to impact each other over time. Additionally, it should be noted that this statistical approach automatically controls for linear changes in measures that are repeated longitudinally. For example, factors such as practice effects and regression to the mean would not be expected to affect estimates of cognition-adherence relationships in the current study.
Nevertheless, a number of limitations may temper the strength and generalizability of the current findings. For example, some variables that might be expected to moderate adherence-cognition relationships, such as age 6, 19 and regimen complexity, 9 were not evaluated due to limitations related to sample size (e.g., reduced statistical power) and demographic constraints (e.g., few older participants). Though it is often impractical to include all potentially relevant variables in any single study or analysis, it should be noted that the exclusion of influential variables may affect the estimates obtained for relationships among variables of interest. Further research examining moderators of the adherence-cognition relationship and comparing differing medication regimens will be crucial to the continued improvement of interventions to prevent and remediate HIV-associated neurocognitive impairment. Additionally, the effects shown here reflect a longitudinal interval of approximately 6 months, and it is possible that some aspects of the adherence-cognition relationship may be better examined using shorter or longer time frames. Related to the known immunologic importance of high antiretroviral medication adherence rates among individuals with HIV/AIDS, [3] [4] [5] it is also possible that these findings may not generalize well to patient groups with substantially better (or worse) total adherence than the modest 72% mean adherence achieved by participants in this study. Likewise, our sample consisted primarily of males, and therefore it is possible that our results do not adequately represent the relationships of interest among females. Finally, repeated measurements of disease parameters such as CD4 count and HIV viral load were not available, thus limiting our ability to examine the po-tential relevance of changes in these variables to the adherence-cognition relationship. Further study of these issues using larger samples, a greater proportion of older and female individuals, alternate time frames, and more extensive measurement of HIV disease parameters will be needed to replicate and extend current findings.
